95% CI, 1.90-2.83. A random-effect model was performed among studies regarding surface thrombosis because an apparent trend for heterogeneity was observed (n=6; OR, 1.57; 95% CI, 0.68-3.64). There was no difference with respect to IPH between the two groups (n=11; OR, 1.09; 95% CI, 0.91-1.32). Conclusions: Ulcerated carotid plaque is significantly correlated with the production of neurological events, whereas thrombosis fails to correlate with ischemic symptoms because of the presence of substantial heterogeneity. The association between IPH and clinical presentations is less clear.
the uniformity in definition as well as the control of
The time intervals between the latest onset of ischemic confounders and time intervals in future studies.
symptoms and pathological examinations varied greatly.
In the past decades, several multi-center randomized
Overall, the incidence of ulcerated plaques in the control trials [1] [2] [3] have demonstrated the superiority of symptomatic group were significantly higher than that in carotid endarterectomy (CEA) compared with the best the asymptomatic group (study number, n=10; OR, 2.32;
medical treatment for the prevention of stroke for both symptomatic and asymptomatic patients with carotid artery disease. The decision of whether to perform CEA should be made on the basis of data including degree of stenosis and pathological characteristics of the carotid lesion, as well as issues of medical and surgical morbidity (<3%). Recently, more attention has been focused on carotid plaque pathology. A number of studies have shown that, in association with the degree of carotid stenosis, pathological features, such as ulceration, thrombosis and IPH, could also be important in determining whether an ICA lesion remains clinically silent or becomes symptomatic.
[4-5] Therefore, better insight into which pathological features lead to subsequent symptoms will provide the surgeon with the opportunity to operate selectively those who are at great risk. Nevertheless, the causal relationship of pathological features (particularly for surface thrombus and IPH) to a history of ipsilateral brain ischemia before CEA was reported conflicting. Conclusive data by means of a quantitative synthesis were also not available.
This systematic review was designed to utilize quantitative methods for combining information across different studies over a span of 11 years. It was undertaken to determine whether a correlation could be and reviews; (2) highly selected studies (symptomatic patients only); (3) failed to characterize the pathological features; (4) nonatherosclerotic carotid stenosis (e.g., fibromuscular dysplasia, postradiotherapy); (5) restenosis reports (e.g., occurring after endarterectomy or carotid angioplasty and stenting). Multiple publications from the same project were eliminated from the meta-analysis and the one that was most appropriate to this review was recruited.
established between pathological features of carotid plaque Data extraction and clinical presentations. Also, the effect sizes were
The following general descriptive information was estimated and possible sources of heterogeneity in results extracted from each study: (1) number, age and sex of across studies were identified and explained.
participants; plaque number; (2) time intervals between the latest onset of ischemic symptoms and pathological We calculated the odds ratio (OR) in each study. The of each article was carefully reviewed to detect appropriate statistical validity of aggregating the studies was assessed publication; (4) Perusal of all reference lists of all relevant with a χ 2 for heterogeneity by means of a standard fixedarticles containing data that concerned were checked for effect model of overview (P<0.1 suggests that the further leads; (5) Additionally, we did a manual search assumption of homogeneity was violated). A random-effect of the following journals: Stroke and Journal of Vascular model was performed if an apparent trend for heterogeneity was observed. If the value of OR was more than 1, the risk of a particular feature was greater within Inclusion criteria symptomatic groups. Studies were included if: (1) specimens were harvested
Materials and Methods
We performed sensitivity analysis to test the results at endarterectomy and the pathological features were under varied conditions such as the exclusion of studies characterized; (2) they compared the incidence of that contributed the largest number of plaques and as a pathological features between symptomatic and group. The meta-analysis was performed using RevMan asymptomatic patients; (3) basic data regarding the (Version 4.2.8). Potential publication bias was assessed Surgery.
frequency of ulceration, thrombosis and IPH were provided in both groups.
Generally, there were two methods used for defining: microscopic (histological) examination and macroscopic (gross) inspection. Specimens should be removed en bloc in order to avoid misleading gross findings. Histological features were evaluated by examining sections. Patients or plaques were defined as symptomatic if ipsilateral symptoms of cerebral ischemia were present within the last six months, such as transient ischemic attack (TIA), amaurosis fugax (AFX) or stroke. Asymptomatic plaques were from patients without symptoms or from the side without symptoms in those undergoing bilateral operations.
Exclusion criteria
Studies that met one of the following items were excluded: (1) animal studies, case reports, editorials, letters using an inverted funnel plot for asymmetry. Egger's and Begg's methods were used to test publication bias objectively (Version 9.0, STATA). A cut-off P value of 0.1 was used as the positive threshold bias to assess the power of statistical test.
Results
Thirty-six potentially relevant studies were identified. We excluded seven that were validation studies comparing carotid plaque imaging with histology; [6] [7] [8] [9] [10] [11] [12] five that failed to provide sufficient data in each group; [13] [14] [15] [16] [17] five that were highly selected studies; [18] [19] [20] [21] [22] three studies in which ulcerated plaques were identified by angiography in vivo. [23] [24] [25] The remaining 16 studies included 2769 patients totaling 2839 carotid plaques [ Table 1 ]. The ratio of males to [26,27,29,33,37] The presenting symptoms were further sub-typed into transient symptoms and prior stroke in six studies.
[28, 31, 33, 37, 38, 41] The time intervals between the latest onset of symptoms and surgery were available from 13 studies, [26] [27] [28] [29] [30] [31] [33] [34] [35] [36] [37] [38] [39] with great variations. Plaque specimens were evaluated in five studies by macroscopy [28, 31, 34, 35, 39] and in 11 by microscopy or a combination of both. For macroscopy, the basis for evaluation was in situ observation and photography after arteriotomy. [28, 31] We, along with Lovett's review, [42] found that histological methods including position, number, stains and frequency of section varied considerably. A transversal microscopic evaluation was performed among all the the two largest studies that contributed approximately 70.8% of the total number of plaques dominated the results of the overview, [28, 31] we performed a meta-analysis (exclusion of the two studies) to test the robustness of the result. The strength of association was even stronger and the sensitivity analysis did not substantially alter the point estimates of the results. No visual asymmetry could be observed in Funnel plotting [ Figure 1B] [36] 32 74 Spagnoli [37] 115 ND Fisher [38] 42 ND Tziakas [39] ND 7 Krupinski [40] ND ND Turu [41] ND 38
included studies. There were three studies specifying the details about the interference of severity of stenosis with plaque morphology.
[28, 31, 38] They all found that the frequency of plaque ulceration was independent of the degree of ICA stenosis. As for IPH, Park et al indicated that hemorrhage occurred more frequently in the highly stenotic lesions.
[28]
In Ballotta's study, the frequency of IPH also appeared increased with the extent of disease, but the difference did not reach significance.
[31] The presence of thrombus was unaffected by the degree of stenosis in Fisher's study. [38] Ulceration Among 10 studies, [26] [27] [28] [29] 31, 32, 34, 35, 38, 40] a significantly higher incidence of ulceration was found in the symptomatic 
Surface thrombosis
Six studies [26, 27, [35] [36] [37] [38] were identified focusing on the characterization of surface thrombosis. The reported incidence had been highly variable (7.1-72.7%, median 20.7%). Thrombosis was defined diversely. Microscopically, Spagnoli et al defined a thrombotically active plaque as the presence of an acute thrombus constituted of platelet or fibrin on the plaque surface. In
Intraplaque hemorrhage
Pathologic evaluation was investigated in four studies [28, 31, 35, 39] by macroscopy and in seven [26, 27, 29, 30, 33, 36, 41] by microscopy. [26, 29, 39] histological evidence of hemosiderins, [33, 36] to a combination of all degenerated blood constituents. [37] The former category, rather than erosion, was significantly correlated with the presence of ischemic symptoms. Fisher et al stressed that the criteria for the presence of thrombosis required a substantial-sized lesion. In this study, thrombus was considered present only when the lumen surface was covered by thrombotic material larger than 340 x 110 µm. [38] Macroscopically, thrombus was defined as that adherent to the plaque surface and/or propagating into the arterial lumen.
[35] Of note, two studies indicated that fresh specimens were rinsed to remove surface blood. [27, 36] No definitions were specified in one study.
[27] We began with a fixed-effect model for our analysis. The magnitudes of overall differences between two groups were of statistical significance [ Figure 2A ]. However, homogeneity test indicated an extreme trend for heterogeneity among studies. Estimated effect sizes were then combined via a random-effect model and the differences between the two groups lost significance [ Figure 2B ].
immediate recognition or on transecting the plaques at the time of arteriotomy.
[26,28,31] Studies in which light microscopy was performed, had been based on a broad definition of hemorrhage. Definitions were not specified in three studies.
[27,30,41] The magnitudes of overall difference between two groups failed to yield statistical significance. Likewise, insignificant differences were reproduced in sub-group analyses with respect to macroscopy and microscopy [ Figure 3 ].
All the results are summarized in Table 2 .
Discussion
Ulceration The first result of this review is the demonstration of a strong association between plaque ulceration and an initial presentation with TIA, AFX or stroke. As early as the 1970s, a strong association was found between plaque ulceration and clinical presentations. [43] [44] This correlation was reproduced in subsequent studies [28, 31, 45, 47] except two.
[26,46] It was further verified in our meta-analysis. It should be noted that the reported incidence has been highly variable in the literature (9.1-89.1%, median 65.3%), partly explained by the diverse methods in defining. Pathologically, such ulcers have been previously defined as plaque surface defects of at least 1 mm or more than 560 µm in diameter and depth. [48] [49] [50] Usually, gross ulceration was considered as plaque surface irregularity at the time of arteriotomy. Pinholes of less than 1mm or defined by the occurrence of neurological symptoms smooth invaginations with no evidence of disruption of related to the side of stenosis within the last six months fibrous cap were not considered. [28, 31] In contrast, the prior surgery. However, Spagnoli et al even included some definitions of microscopic ulceration tended to be more patients with a time interval of 30 months.
[37] Variable time variable. In Carr's study, plaques with evidence of rupture intervals appeared to account for some of the heterogeneity. were classified separately from those with intimal Finally, factors such as long-term preoperative disruption without rupture. Thus few plaques were administration of aspirin and use of heparin during identified with microscopic ulceration and no significant surgery could modulate the development of thrombosis difference was found between two groups.
[26] Fisher et al as well.
[36]
described a relatively low incidence (21.6%) compared On the other hand, there was some evidence that with other studies, because the presence of histological thrombosis was less important in the production of ulceration required a substantial size (560 µm or more). [38] symptoms. It was found that the presence of thrombosis Currently, the correlation between ulceration and degree was strongly associated with ulceration and IPH.
[21, 38] of stenosis remains a controversial matter.
[28, 31, 38, 45] There Ulceration represents an important substrate from which has been no evidence that the pathogenetic role of thrombus may later arise. Thrombus hence sometimes ulceration might differ between patients with transient failed to serve as a separate entity per se. This could ischemia and those with prior stroke. potentially prevent it from being an independent risk factor for neurological events. Additionally, there were two studies in which Thrombosis, frequently secondary to disruption of symptoms were sub-typed into transient ischemia and carotid plaques, appears to be important for the prior stroke. Fisher et al found that thrombus was production of ischemic symptoms. A large clinico-similarly observed between TIA and stroke groups, [38] pathologic series of CEA specimens has demonstrated whereas in Spagnoli's report, the incidence of thrombosis that thrombosis associated with plaque rupture was one in major stroke group was significantly higher than that of the major determinants of ischemic stroke.
[37] Further in TIA group (P<0.001).
[37] The pathogenetic role of evidence could be found that luminal thrombosis was thrombus appeared varying over the types of ischemic the main source of downstream cerebral microemboli as symptoms. It suggested neurological symptoms should detected by transcranial Doppler monitoring. [51] be stratified in future studies instead of a simple Unfortunately, we observed an extreme tendency for combination of AFX, TIA or stroke or the findings might heterogeneity across studies. An insignificant estimator be overinterpreted.
Thrombosis
was observed by combing effects via a random-effect model.
The occurrence of major heterogeneity across studies was partly due to the lack of consensus and consistency in defining surface thrombosis. Differences in the identification of thrombus could account for variable pathogenetic role in the symptom production. Thrombosis could be defined either visually or microscopically. Gross assessment was usually susceptible to subjective judgment. Some misleading findings may also be introduced by rinsing to remove surface blood. Thus, it otherwise explained the fact that reported incidence of thrombus varied widely from one to another. Second, some [37, 38, 52] noted that the low incidence of thrombus was associated with a longer time interval between the onset of symptoms and pathological examination. Symptomatic carotid stenosis is usually
IPH
There has been considerable emphasis on the role of IPH in the pathogenesis of brain ischemia following extensive clinico-pathologic analysis. Unfortunately, previous studies presented a mass of conflicting results.
[46, 47, [53] [54] [55] [56] Our meta-analysis suggested a null correlation. Sub-category analysis in terms of the methods of definition was performed and an insignificant correlation was observed in each group.
Effect might be invalidated by the heterogeneous methods of definitions. Tiny or small hemorrhage may be overlooked grossly. Microscopy tended to be more sensitive for detecting IPH than macroscopy.
[26] Diverse histological methods of definition could be found across studies as well. Therefore, a uniform and accurate method for definitions is necessary. Second, insignificant effect could be partly explained by the variable intervals between the latest onset of ischemia and pathological examinations. Lusby et al [54] suggested a short interval (2.9 weeks) as a key factor in establishing the positive correlation between acute hemorrhages and clinical manifestations. However, our review included studies with intervals ranging from within several weeks [26, 30] to six months. [27, 36] Acute or fresh IPH could be stabilized by a process of healing or turning into an avascular structure (calcified or fibrous tissues) as time goes by. Therefore, the true number of IPH could population. Second, the age, size, number and location of IPH as well as the size of ulceration and thrombosis could influence the strength of association. Nevertheless, we could not draw a valid estimate because few studies provided specific data. Finally, our study was based on a qualitative evaluation. A number of quantitative reports have surged in the past decade. [30, 46, 65] Similarly, an estimator was not permitted to be made mainly because of disparate methods in quantifying and insufficient details regarding these features. be underestimated in symptomatic groups. Finally, as previous studies suggested that IPH occurred more Acknowledgments frequently with high-grade stenosis, [28, 57, 58] carotid artery severity, this confounder that was related to both the This work was supported by the Beijing Municipal Science and presence of IPH and the neurological symptoms under Technology Commission, BMSTC study, could potentially distort results. To correct for the D0905004040131).
confounder, it is recommended that equal severity in both References groups should be assumed in the subsequent studies. However, details were specified in only four studies out Ultrasound its role in plaque stability and evolution would be achieved.
[64] Moreover, current techniques provide an opportunity to prospectively examine the relationship between plaque features and subsequent cerebrovascular events. [8] Early interventions aimed to prevent imminent neurological events might be more justifiable.
Generally, there were three methodological issues that could influence the strength of association including diverse methods of definitions, variable time interval and the unequal degree of carotid stenosis. One limitation of this meta-analysis may be the heterogeneity of the different studies as far as the populations studied were concerned. Statistical validity of our meta-analysis could be potentially attenuated by the variation in the criteria used in defining the pathologic features. Individual studies were mostly hospital-based, which could also potentially prevent the inference of our results to the general ) .
